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Using data from Fermilab �xed-target experiment E791, we mea-
sure the branching ratio for D0 ! K�K+���+ and its resonant

components. We �nd �(D0
!K�K+���+)

�(D0
!K��+���+) = (3:13� 0:37� 0:36)%. A

coherent amplitude analysis is used to estimate the resonant com-

ponents. We measure the ratios �(D0
!f)

�(D0
!K��+���+) to be (2:0�0:9�

0:8)% for f = ��0, (0:9 � 0:4 � 0:5)% for f = ��+��, < 2:0% at

the 90% CL for f = K�0(892)K
�0
(892), and < 1:0% at the 90%

CL for f = K
�0
(892)K+�� or K�0(892)K��+.

Hadronic decay mechanisms of heavy quark systems are complicated by gluon
exchange processes between the initial and �nal states and by �nal-state in-
teractions. Theoretical predictions are still limited to two-body decays, which
have been analyzed extensively in the theoretical literature [1]. For example,
Bauer, Stech and Wirbel [2] have used a factorization approach. Bedaqu, Das,
and Mathur [3] and Kamal, Verma, and Sinha [4] have used heavy quark ef-
fective theory. More experimental data in various decay modes is essential to
fully understand the decay process in heavy quark systems.

The Cabibbo-suppressed decay D0 ! K�K+���+ 1 can be the result of

intermediate two-body decays such as D0 ! ��0 and D0 ! K
�0
K�0 or it

can be the result of intermediate three-body decays such as D0 ! K
�0
K+��.

It can also occur directly as a four-body nonresonant decay. Figure 1 shows
representative Feynman diagrams corresponding to each of these processes. For
most intermediate states, there are two tree-level amplitudes with Cabibbo
factors having opposite sign, leading to Glashow-Illiopoulos-Maiani (GIM)
cancellation. Among the exceptions are D0 ! ��0 and D0 ! ��+��. The

decay D0 ! K
�0
K�0 is produced from W -exchange, so it should be helicity-

suppressed as well as GIM-suppressed.

1 Throughout this paper, reference to any decay mode also implies the correspond-
ing charge conjugate mode.
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In this paper we present branching ratio and resonant substructure measure-
ments of D0 ! K�K+���+ made with the data from Fermilab �xed-target
charm hadroproduction experiment E791. While several experimental mea-
surements are already available on this decay mode [5-8], all previous mea-
surements ignored the interference among the various intermediate decay am-
plitudes. We have used a coherent amplitude analysis, which does allow for
such interference, to estimate the resonant contributions.

Experiment E791 recorded 2 � 1010 500 GeV ��-nucleon interactions during
the 1991/92 �xed-target run at Fermilab, with an open geometry spectrom-
eter[9] in the Tagged Photon Laboratory. The segmented target consisted of
one platinum foil and four diamond foils separated by gaps of 1.34 to 1.39 cm.
Each foil was approximately 0.4% of an interaction length thick (0.6 mm for
platinum and 1.5 mm for carbon). The average decay length of an 80 GeV D0

is approximately 5 mm, so most of the D0's decayed in the air gaps between
target foils where backgrounds were lower. Six planes of silicon microstrip
detectors (SMD) and eight proportional wire chambers (PWC) were used to
track the beam particles. The downstream detector consisted of 17 planes of
SMDs for vertex detection, 35 drift chamber planes, two PWCs, and two mag-
nets for momentum analysis, two multicell threshold �Cerenkov counters[10] for
charged particle identi�cation (with nominal pion thresholds of 6 GeV and 11
GeV), electromagnetic and hadronic calorimeters for electron identi�cation
and for online triggering, and two planes of muon scintillators. An interaction
trigger required a beam particle and an interaction in the target. A very loose
transverse energy trigger, based on the energy deposited in the calorimeters,
and a fast data acquisition system [11] allowed us to collect data at a rate of
30 Mbytes/s with 50�s/event dead time and to write data to tape at a rate
of 10 Mbytes/s.

Data reconstruction and additional event selection were done using o�ine
parallel processing systems [12]. Events with evidence of well-separated pro-
duction (primary) and decay (secondary) vertices were retained for further
analysis. Candidate D0 ! K�K+���+ and D0 ! K��+���+ decays were
selected from events with at least one four-prong secondary vertex. Selec-
tion criteria for both modes were determined by optimizing the expected �nal
signi�cance of the D0 ! K�K+���+ signal using the topologically simi-
lar D0 ! K��+���+ signal and assuming the K�K+���+ signal would be
about sixty times smaller. The decay vertex was required to be well-separated
from the primary vertex with �z > 8 �z where �z is the error on �z, the
separation between two vertices. The vertex was required to lie outside the
target foils and other solid material with �t > 4:5 �t, where �t is the error
on �t, the distance to the closest solid material. The momentum vector of the
candidate D0 was required to point back to the primary vertex with transverse
miss distance less than 45 �m, and the tracks emerging from the secondary
vertex were required to miss the primary vertex with normalized impact pa-
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rameters greater than 4�d where �d is the error on the separation between the
track and the primary vertex. In addition, kaon signatures were required in
the �Cerenkov detector system which provided kaon identi�cation in the range
6 - 60 GeV. To simplify normalization, only pion and kaon candidates in that
momentum range were used.

Branching Ratio Measurement

The signal level in each mode was estimated using unbinned maximum like-
lihood �ts to the observed invariant-mass distributions assuming Gaussian sig-
nal and linear background shapes. Figure 2 shows the �nal observedK�K+���+

and K��+���+ mass spectra with the best �ts superimposed. The �ts found
136� 15 D0 ! K�K+���+ and 8245� 101 D0 ! K��+���+ signal events.
Although the track and vertex selection criteria for the two decay modes were
identical, the geometric acceptances and reconstruction e�ciencies di�ered
because of the di�erent kinematics and resonant substructures of the decay
modes. Monte Carlo (MC) events based on the PYTHIA and JETSET event
generators [13] and a detailed E791 spectrometer simulation were used to
study these e�ects. Considering all factors other than �Cerenkov identi�cation
of kaons, and using nonresonant MC events, the acceptance for K�K+���+

relative to K��+���+ was determined to be 91%. This value varied by about
�5% when MC events with di�erent resonant substructures were used. The de-
tection e�ciencies for the two modes also di�er because theK�K+���+ decay
has two kaons which require �Cerenkov identi�cation whereas the K��+���+

decay has only one. The e�ciency of the �Cerenkov selection criteria used to
identify kaons was estimated by comparingD0 ! K��+���+ signals with and
without the �Cerenkov selection criteria. For the �Cerenkov requirement used in
this analysis, the e�ciency for kaon identi�cation was found to be (59� 6)%.
This algorithm for determining the relative �Cerenkov e�ciencies was validated
using MC data, although we did not use absolute �Cerenkov e�ciencies in this
analysis. MC events were also used to study possible feedthrough to the signal
from misidenti�ed charm decays such as D0 ! K��+���+�0. We did not
�nd any signi�cant feedthrough to the D0 ! K�K+���+ signal after the
�nal selection criteria.

Sources of systematic uncertainties include the detector simulation, the back-
ground shapes, acceptance and e�ciency dependencies on resonant compo-
nents, and the relative e�ciency for �Cerenkov particle identi�cation for the
two decay modes. The total fractional systematic uncertainty was estimated
to be 12% and was dominated by the fractional uncertainty in the �Cerenkov
e�ciency (10%).

With these relative acceptances and e�ciencies, we measured the ratio of
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decay widths to be

�(D0 ! K�K+���+)

�(D0 ! K��+���+)
= (3:13� 0:37� 0:36)%: (1)

Using the D0 ! K��+���+ branching fraction reported in the Review of
Particle Physics [14], 7:5�0:4%, and folding its error into our �nal systematic
error, we obtain

B(D0 ! K�K+���+) = (0:254� 0:030� 0:033)%: (2)

Resonant Substructure Measurement

The resonant substructure of the decay D0 ! K�K+���+ was studied using
events from the branching fraction sample with 1835 MeV < m(KK��) <
1895 MeV (the shaded region in the upper histogram of Fig. 2). Contributions
from resonant modes to the observed signal were estimated using a series of
maximum likelihood �ts. We included some or all of the intermediate resonant
states listed in Table 1 in each of our candidate descriptions of the data. For
each model of the data, we performed a coherent amplitude analysis to ex-
tract relative magnitudes and phases of amplitudes. From these, we extracted
decay fractions for each mode and for several combinations of modes. We com-
pared the results of �ts with di�erent combinations of amplitudes to determine
which were signi�cant and to estimate relevant systematic uncertainties. The
technique used is similar to amplitude analyses performed by other experi-
ments in various three- and four-body decays [15]. For each �t we maximized
a likelihood function L which had the form

L =
e���n

n!

nY
j=1

Pj (3)

where n is the number of events in the data sample, � is the number of events
estimated by the �t, and Pj is the probability of the j

th event occurring. It is
given by

Pj =
S � PjS +B � PjB

S +B
: (4)

where S and B are the numbers of signal and background events determined
by the �t such that

� = S +B: (5)
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The probability density function for the signal has the form

PjS =
1p
2��

exp

 �(Mj �M0)
2

2�2

!
1

NS

�j

�����
mX
k=1

AkMS
k (xj)e

i�k

�����
2

: (6)

Here,M0 and � are the �tted mean and width of the D0 signal observed in the
K�K+���+ invariant mass distribution, and Mj and �j are the K

�K+���+

invariant mass and expected e�ciency for the jth event. The Gaussian factor
accounts for the observed D0 mass resolution and the sums are taken over
nonresonant and resonant amplitudes used in the �t. NS is a normalization
factor. Ak and �k are the magnitude and phase of the kth contributing am-
plitude, and MS

k (xj) is the corresponding matrix element calculated for the
kinematic variables xj which describe the location of the j

th event in four-body
phase space. For the nonresonant mode, MS

k (xj) was taken to be a constant.
For modes containing resonances, MS

k (xj) is represented by a product of rel-
ativistic Breit-Wigner functions for the resonances in the mode [16]

MS
k (xj) = NS

k

Y
i

1

m2
i;j �m2

0i + im0i�0i
; (7)

m0i and �0i are the mass and width of resonance i and mi;j is the invariant
mass for resonance i calculated for event j. NS

k is a normalization factor such
that the integral ofMS

k (xj) over phase space is unity. Because there are many
possible intermediate states with various spins that cannot be resolved with
our limited statistics, we do not include angular distributions, momentum
dependent partial widths, or form factors in the matrix elements.

The background allowed in the �t consists of a component uniform in four-

body phase space and components containing �, K�0(892), K
�0
(892), and �0

resonances, and the K0
S. The probability density function for the background

has the form

PjB = (C + s(Mj �M0))
1

NB

X
k

�jbkjMB
k (xj)j2 (8)

which is linear in the K�K+���+ invariant mass Mj and includes uniform
and resonant backgrounds. NB is the normalization factor for the sum over
all modes; s is the slope of the distribution; C is a constant term chosen to
give unit normalization to PjB over the mass window used in the �t; bk is
the relative fraction of each background; and MB

k (xj) is the corresponding
background matrix element. For the uniform background, MB

k is taken to be
a constant and for the resonances the following form of Breit-Wigner function
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was used:

MB
k (xj) =

NB
k

m2
k;j �m2

0k + im0k�0k

; (9)

NB
k is a normalization constant such that the integral of MB

k (xj) over phase
space is unity. The background probability density function is a sum over
probabilities rather than the square of a sum over amplitudes because the
sources of background should add incoherently.

NonresonantK�K+���+ Monte Carlo events (which uniformly populate four-
body phase space) were used to numerically calculate the normalizations NS,
NB, N

S
k , and NB

k , and other integrals which appear in intermediate stages
of the likelihood �t. We implicitly account for geometric acceptance and re-
construction e�ciency by using reconstructed Monte Carlo events that passed
successfully through the analysis selection criteria to calculate all such inte-
grals. Therefore, no separate calculations of these e�ects are needed.

The parameters of the �t are relative rather than absolute amplitudes (magni-
tudes Ak and phases �k). Were all the magnitudes scaled by the same constant,
or were the same constant added to all the phases, the physics (the �t fractions
and relative phases) would remain the same. Therefore, one signal matrix el-
ement (its magnitude and phase) was �xed for each �t. The decay fractions
were calculated by integrating the signal intensity (which is proportional to
the square of the amplitude or coherent sum of amplitudes, depending on
whether the mode is a single decay or a combination of decays) for that mode
alone divided by the integrated intensity with all modes present. Integration
was done numerically using the same MC event sample used to calculate nor-
malizations.

Likelihood maximization was done with MINUIT [17]. Because there was a
clear indication of signi�cant D0 ! ��0 signal in the data, amplitudes (mag-
nitudes and phases) of other contributing modes were measured relative to the
D0 ! ��0 amplitude. All �ts were done with the events in the mass window
jM(K�K+���+) � 1865 MeVj < 30 MeV (the shaded region in the upper
histogram of Fig. 2). Because this selection did not provide enough side-band
events to make a good estimate of the background level, the background slope
s and the height C of Eq. (8) were �xed at the values obtained from the �t
used to extract the branching fraction (shown in Figure 2). We tried many
�ts with various combinations of the intermediate states listed in Table 1. To
ensure that each �t converged to a true maximum, not to a local maximum, we
repeated each �t at least �ve times with substantially di�erent initial values
for all the parameters.

Because K+
1 (1400) ! K

�0
(892)�+, the decays D0 ! K�0(892)K��+ and
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D0 ! K+
1 (1400)K

� have almost identical two- and three-body invariant mass
distributions except for the broad Breit-Wigner distribution of K+

1 (1400). Fits
which included both of these amplitudes did not improve the likelihood signi�-
cantly. Rather, the amplitudes for each of these two amplitudes became large,
highly uncertain, and interfered destructively. Therefore, we did not allow
K+

1 (1400) in the �nal �t, and we kept only the mode D0 ! K�0(892)K��+.

Because we did not have enough events to separate D0 from D
0
(e.g., through

the decay D�+ ! D0�+), we could not distinguishD0 ! K�0(892)K��+ from

D
0 ! K�0(892)K��+. Thus, we report an upper limit for D0 decaying to the

sum of K�0(892)K��+ and K
�0
(892)K+�� modes.

Because K�

1 (1270) ! �0K�, the decays D0 ! K�

1 (1270)K
+ and D0 !

�0K�K+ produce two- and three-body invariant mass distributions which are
indistinguishable, given the number of events used in the �t. They are also
very similar to the distributions for nonresonant decays. Of these three modes,
we used only the nonresonant and the D0 ! �0K�K+ amplitudes in our �t.

The �t whose results we report included amplitudes for modes 1-7 of Table 1
for the signal, and for background allowed a component uniform in four-body

phase space and components containing �, K�0(892), K
�0
(892), and �0 reso-

nances, and the K0
S. Its projections on various two and three-body invariant

mass distributions had good values of chi-square per degree of freedom. Figure
3 shows these projections of the data and of the reported �t for various two-
and three-body invariant mass distributions for events in the signal region
(jM(K�K+���+) � 1865MeVj < 12 MeV) and in the background regions
(12 MeV < jM(K�K+���+) � 1865MeVj < 30 MeV). The maximum ver-
tical scales for the background region plots are 50% greater than those for
the signal region plots because the background region used in the �t was 50%
wider than the signal region used in the �t. The values of chi-square per degree
of freedom shown in the plots were calculated for each projection using the
errors on the observed numbers of events to normalize the di�erences between
the observed and projected numbers of events and using the number of bins
with data entries as the number of degrees of freedom. Much of the appar-
ent structure in these two- and three-body invariant mass plots can be the
result of resonant structure in other variables. For example, the accumulation
of events at large K�� invariant mass is a feature expected in D0 ! K

�

K�

and D0 ! ���; it does not require the presence of an excited K state.

The decay fractions for the modes in the �t are reported in Table 2. The
systematic errors include uncertainties due to exclusion of some amplitudes
from the �t (which are the dominant contributions), Monte Carlo statistical
errors, and the uncertainties in the resonance widths and masses. To test the
sensitivity of our results to ignoring form factors and momentum factors in
the matrix elements describing amplitudes with K�0 and � resonances, the
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K�0 and � signals from D+
S ! K+K��+ and D+ ! K+K��+ were �t with

and without those factors. The di�erences were negligible. The ability of the
�t to correctly extract magnitudes and phases of amplitudes was con�rmed
using Monte Carlo studies.

Table 3 shows decay rates for several modes relative to that forD0 ! K��+���+

and compares them to measurements from other experiments. Because the
intermediate resonances can have decay modes in addition to those we ob-
served, these D0 relative decay rates have been corrected for the exclusive
branching ratios of the intermediate resonances using Particle Data Group[14]
values. Table 4 compares our measured branching fractions for D0 ! ��0 and

D0 ! K
�0
K�0 to theoretical predictions.

The analysis in this letter is the �rst reported to allow interference among
amplitudes in the decay D0 ! K�K+���+. The signi�cant phase angles
among di�erent modes reported in Table 2 indicate that such interference
is very strong. As a consequence of the additional variation allowed in this
analysis, the errors on decay fractions are larger than those reported by other
experiments.

Conclusions

In conclusion, we have measured �(D0 ! K�K+���+)=�(D0 ! K��+���+)
to be (3:13 � 0:37 � 0:36)%, somewhat lower than the naive expectation of
tan2 �C = 5%. This may be evidence of the tree-level GIM suppression ex-
pected for most of the amplitudes. Our analysis of the resonant substructure
of D0 ! K�K+���+ decays reveals a substantial fraction of decays into
��+�� (nonresonant) and/or ��0 (see Table 2); these modes are not GIM
suppressed at tree-level. Due to limited statistics and interference e�ects, we

obtained only upper limits for the decay mode D0 ! K�0K
�0
, and for the

sum of the modes D0 ! K�0K��+ and D0 ! K
�0
K+��. Our results for

D0 ! ��0 and D0 ! K�0K
�0
are consistent with theoretical predictions and

other experimental measurements.
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Table 1
Intermediate modes of D0 ! K�K+���+ and resonant decay modes considered in
the �t. Only modes 1 through 7 were used in the reported �t.

1 D0 ! K�K+�+�� nonresonant

2 D0 ! K
�0
(892)K�0(892), K

�0
(892) ! K��+ , K�0(892)! K+��

3 D0 ! K�0(892)K��+, K�0(892)! K+��

4 D0 ! K
�0
(892)K+��, K

�0
(892) ! K��+

5 D0 ! ��0, �! K+K�, �0 ! �+��

6 D0 ! ��+�� , �! K+K�

7 D0 ! �0K+K�, �0 ! �+��

8 D0 ! K�

1 (1270)K
+, K�

1 (1270) ! K��0, �0 ! �+��

9 D0 ! K+
1 (1270)K

�, K+
1 (1270) ! K+�0, �0 ! �+��

10 D0 ! K�(1400)K+, K�(1400) ! K
�0
(892)��, K

�0
(892)! K��+

11 D0 ! K+(1400)K�, K+(1400) ! K�0(892)�+, K�0(892) ! K+��

Table 2
Final �t results for the decay fractions to D0 ! K�K+���+. The decay fractions
for single amplitudes or combinations of amplitudes are calculated as described in
the text. The phases for single amplitudes are those extracted from the �t relative
to that for D0 ! ��0.

Decay mode Decay Fractions relative phase angle

D0 ! ��0 0:21 � 0:10 � 0:08 0

D0 ! ��+�� 0:14 � 0:06 � 0:04 (180 � 19� 6)�

D0 ! ��0 + ��+�� 0:18 � 0:05 � 0:06

D0 ! K
�0
K�0 0:13 � 0:10 � 0:06 (76 � 28� 6)�

D0 ! K
�0
K+�� +K�0K��+ 0:04 � 0:11 � 0:14

D0 ! K�K+���+ nonresonant 0:7 � 0:6� 0:3 (97 � 12� 10)�

D0 ! �0K�K+ 0:6 � 0:5� 0:3 (�88� 13� 12)�

D0 ! K�K+���+ nonresonant

+ �0K�K+ 0:5 � 0:8� 0:4
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Table 3
E791 D0 ! K�K+���+ decay rate measurements, relative to D0 ! K��+���+,
compared to those of other experiments. Only E791 has accounted for interference
between amplitudes. Values reported here have been corrected for exclusive branch-
ing ratios of the subresonances using PDG values[14]. All upper limits are at the
90% con�dence level.

Decay mode (f) �(D0 ! f)� 100 = �(D0 ! K��+���+)

E791 E691[5] CLEO[6] ARGUS[7] E687[8]

(1991) (1991) (1994) (1995)

inclusive K�K+���+ 3:13 � 0:37 � 0:36 2:8+0:8
�0:7 3:14 � 1:0 4:1 � 0:7� 0:5 3:4� 0:4� 0:4

D0 ! ��0 2:0� 0:9� 0:8 2:4� 0:6 2:0 � 0:6� 0:5 0:5 � 0:3

D0 ! ��+�� 0:9� 0:4� 0:5 0:76+0:66
�0:49 < 0:6

D0 ! K�0K
�0

< 2:0 3:6+2:0
�1:6 < 3:3 1:6 � 0:6

D0 ! K�0K��+ < 1:0 1:0+1:6
�1:0 4:3 � 1:4� 0:9 < 1:7

+ K
�0
K+�� 2:3 � 1:3� 0:9

Table 4
E791 measured branching fractions compared to theoretical predictions.

Decay B(D0 ! ��0) B(D0 ! K
�0
K�0)

E791 (1:6 � 0:5� 0:5) � 10�3 < 1:6 � 10�3

BSW [2] (1:0� 0:3) � 10�3

BDM[3] 2:2� 10�4 2:6 � 10�5

KVS[4] (2:6 - 8:0) � 10�4
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Fig. 1. Representative Feynman diagrams for some of the modes which might con-
tribute to D0 ! K�K+���+.
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Fig. 2. Invariant masses of D0 ! K�K+���+ and D0 ! K��+���+ candidates
after the �nal selection criteria with the branching fraction measurement �ts su-
perimposed. The events in the shaded region of the top histogram were used in the
resonant substructure analysis.
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Fig. 3. Projections of the data and the �t, for events in the signal region
(jM(K�K+���+) � 1865 MeV j < 12 MeV) (left) and for the background re-
gion (12 MeV < jM(K�K+���+) � 1865 MeV j < 30 MeV) (right). The data
are indicated by points with error bars and the �t projections by the histograms.
Amplitudes for modes 1 through 7 of Table 1 were used to describe the signal while

amplitudes for uniform phase space and amplitudes containing K�0, K
�0
, �0, �,

and Ks resonances were used to describe the background. See the text for further
discussion of scales and chi-square values.
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